Deep understanding of plasmonic nanoparticles (PNPs)-light interaction over semiconductors surface shows great promises in enhancing their optoelectronic devices efficiency beyond the conventional limit. However, PNP-light interaction critically decided by the distribution density of PNPs over the semiconductor surface which is not entirely understood. Here, a systematic study depicting how the interparticle gap between Silver (Ag) NPs influences the performance of the β-Ga 2 O 3 based solar-blind photodetector. Interestingly, a remarkable transition is observed, where the varied interparticle gap not only changes the polarity but also reverses the traditional photodetector behaviour. The positive transient response of bare β-Ga 2 O 3 photodetector with feeble DUV light switches its behaviour remarkably to 20 times enhance negative-photoresponse when decorated by sparsely-spaced Ag-PNPs with ultra-high responsivity of 107.47 A/W at moderate power and an incredible report-highest responsivity of 4.29 mA/W on single semiconducting β-Ga 2 O 3 layer at self-powered mode. Moreover, as the density of the Ag-PNPs was further increased, the photocurrent decreases with illumination which dynamically reverses the traditional photodetector to unnatural anomalous effect. In particular, our study represents the first demonstration of plasmonic tuning effect to two active dynamic switching modes; i.e. reverse switchable and anomalous behaviour, the fundamentals of which have not studied experimentally yet. Finally, we propose a unified well-explained model to rationalize all observed experimental trends while set-up fundamental basis for establishing potential applications.
INTRODUCTION
Solar-blind deep ultraviolet (DUV) photodetectors which response only in < 290 nm of incident light are attracting considerable research interests owing to their usage in numerous applications which includes ozone layer monitoring, missile launching and tracking detection, space and astronomical research, short range communications, security and many more 1 . These photodetectors endow high yield to noise ratio even operating under sun's intense illumination 2 .
Recently, to meet the developing trend of "internet of things'' with the aim to make energy efficient, compact, multi-tasking, self-driven and response to feeble DUV signal has become main concern. Thus far, solar-blind DUV photodetectors have been fabricated using various tuned and wide bandgap materials like AlGaN, MgZnO, diamond etc. In consequence of the fact that these materials require alloying and have various associated defects, they offer high leakage current 1 . β-Ga 2 O 3 is a promising material with a direct bandgap of ~4.9 eV and have magnificent intrinsic solar-blind nature that eradicate alloying and cost issue like problems. Moreover, it has excellent chemical, mechanical and thermal stability, making it an attractive substitute for solarblind photodetectors applications 3 . Despite of the recent progress on β-Ga 2 O 3 based photodetectors, which are mainly attempting to reduce native defects and to enhance performance and sensitivity, little progress has been achieved to improve their fundamental properties beyond the conventional limits. Nevertheless, the sensitivity, responsivity and other critical parameters of any photodetector are mainly affected by the absorption coefficient which is scarcely affected by solely increasing the fundamental properties of the absorbing material.
The advent of plasomic science that involves dispersal of metal NPs into dielectric has brought several significant benefits to the photodetector 4 . Recently, PNPs have been utilized to improve the performance of the photodetectors due to their ability to increase absorption coefficient beyond the diffraction limit of semiconductors via strong electric field through local surface plasmon resonance (LSPR) 4, 5 . Typically, the SPs can be realized by placing metal NPs on to the surface of the film, where the near field resonance of the plasmon by the incident photons makes collective oscillation of free excited electrons in metal nanoparticles and the scattering by the LSPR on semiconductor make more photons to reach the substrate while enhancing the overall device characteristics 6 .
Although the PNPs promises high absorption and sensitivity but the free electrons motion near the surface of metals also generates heat by means of ohmic losses 7 . On the other hand, the extreme losses in the form of heat is been utilized by some applications such as steam generation 8 , however it offers disadvantage for photodetector devices 7 . As a consequence, ambiguities between various structure parameters have caused conflicts regarding the usefulness of plasmonics in the literature that have inhibited the progressing of an integrated theoretical perception for their practical applications 7, 9, 10 . One highly effective approach towards achieving efficient photodetector is by modulating the density of plasmons distribution over semiconductor surface 11 . Till now the active control study of PNPs over semiconductor surface for optimum light harvesting capacity remains chiefly elusive and is crucial for many future practical applications 4 .
Herein, a systematic study has been conducted investigating the dependence of optoelectronic properties of solar-blind β- Besides, β-Ga 2 O 3 @Ag20s device showed an ultra-high responsivity and an incredible reporthighest responsivity of 4.29 mA/W on single semiconducting β-Ga 2 O 3 -layer at self-powered mode. In a follow-on study, by re-sputtering for another 20 s (β-Ga 2 O 3 @Ag40s) the bridging of Ag interparticle gap in aggregated form results in anomalous behaviour. The photocurrent reduced significantly upon light illumination, through plasmon light-to-heat conversion via photon-phonon coupling showing anomalous behaviour. Based on these facts, we construe that the charge carrier dominance process critically affected by the PNP distribution via a distinct mechanism in contrast by a conventional semiconductor-based photodetector. This opens new door for different set of applications for their admired ability to automatically switch off the system thus acting as a safe guard and other on-chip sensor [12] [13] [14] .
RESULTS AND DISCUSSION blind region as can be seen in absorption spectra. While, Ag NPs absorb radiation via LSPR and presence of an additional peak at 356 nm in absorption spectra confirms it. Normally, Ag NPs absorbs above 400 nm, the shift in absorption peak is owing to the change of dielectric medium around Ag nanoparticle 15 . We further analyze the topography of our samples, Fig. 1 (b and c) shows the AFM of deposited thin films. From Fig. 1c The performance of the β-Ga 2 O 3 /Ag@20s photodetector presented here in term of EQE and responsivity even beats our previous work 16 .
Reproducible on-off I-T switching operating under self-biased condition is shown in Remarkably, the value of responsivity for β-Ga 2 O 3 @Ag20s photodetector is the highest reported for single β-Ga 2 O 3 semiconducting based device . Thus it reflects the strong effect of Ag NPs for the enhanced responsivity of photodetector. For any good photodetector, along with high responsivity it must have least possible response time which tells us how fast the device responds to incoming signal. Thus, it is one of the major parameter deciding the performance of the photodetector. Response time of the photodetector was computed using equation (1) . Comparison of our photodetector performance with gallium oxide heterostructure and nongallium oxide based photodetector reported in literature with exceptional features is being specified in Table 1 . Herein, we have compared essentially most important optoelectronic parameters like responsivity and response time operating in self-biased conditions that determine the performance of the device. Therefore, it will be of great importance if some procedure can be taken to enhance these parameters. Although at self-biased responsivity value of 0.09 mA W −1 17 and 0.01 mA W −1 2 have been reported for epitaxial β-Ga 2 O 3 vertical Schottky detectors and β-Ga 2 O 3 -nanowire, respectively. However, the responsivity of our photodetector is greatly improved to the value of 4.29 mA/W with Ag NPs. This is the highest value ever reported for a single semiconductor layer β-Ga 2 O 3 based photodetector. Besides, we not only get the upshot of the enhanced performance but also the symmetric negative switching effect by NP in our device.
Adding on we introduced another salient feature of first ever reported polarity distinctive transient response with NPs.
The result shows that the performance of the β-Ga 2 O 3 /Ag@20s photodetector cross-over the highest reported values in literature for gallium oxide and even go across our recent work despite of using lower work function Ag electrodes in the present work 16 . The performance of β-Ga 2 O 3 /Ag@20s shows high performance in self-powered as-well as in moderate-powered modes in comparison to the reported literature. and n 1 are the total photo-generated holes and electrons when illumination is turned on and p 2 denotes the number of holes getting transported to metal side then net photocurrent generated can be expressed as:
where n, p are original electron and hole carriers in β-Ga 2 O 3 film, and are current densities of electrons and holes, I p and I d are currents under illumination and dark conditions and A is the electrically active area. Thus, above equation clearly suggests positive photocurrent generation under given constraints.
Furthermore, asymmetric behaviour of the formed photodetector device, as seen in Fig. 1a, can be explained by the dissimilarity in the source drain work functions that makes our device to work even in self-powered conditions. The observed dissimilarity may exist with the effect of difference in the point contacts present in the β-Ga 2 O 3 thin film due to lattice ending periodicity contact and Ag metal contact at source and drain side. As indicated by our previous study, this can be attributed to the well-known fact of the difference in quasi-fermi pinning caused by the interfacial defects, adsorption on the surface and the resonant shallow level formation due to deep donor defects. We observed the asymmetric behaviour of I-V characteristics on both the photodetectors which clearly indicates dissimilar Schottky barrier height (SBH) at source and drain sides 16 . This facilitates the likelihood of realizing a good photo-conduction even at zero bias. denotes the electron which gets transferred to semiconductor side, photocurrent generated can be given by:
Negative photocurrent in the photodetector with the Ag NPs
Equation 3 clearly shows negative photocurrent generation as electron carriers are greater in number as compared to hole carriers. Hence, the change in polarity of the generated photocurrent is thus explained as initially carriers (holes) were moving from semiconductor side to metal side however after the introduction of Ag NPs over β-Ga 2 O 3 surface charge carriers (electrons) start moving from metal to semiconductor side. As, these Ag NP-semiconductor interfaces lie over the entire surface of the active region of our photodetector, it together leads to generate huge amount of negative photocurrent which has been observed in transient response of our photodetector.
Interplay of the Ag NPs spacing effect in the photocurrent of the photodetector
In follow up, to study how the spacing between plasmons changes the behavior of β-Ga This anomalous behavior of photodetector has been rarely reported and the reason behind this phenomenon is still under debate, which nevertheless have many potential applications. We have investigated the fundamental basis of this type of prevailing phenomena first time, the details discussed later. When the light is turned off, the cooling can be achieved by decaying the heat dissipation via equalizing lattice temperature. However, deposition of the silver metal PNPs (Fig. 5b and 5c ) results in strongly confined fields with hot electron generation in Ag NPs through absorption of DUV photon under the time scale of 1-100 femtoseconds. These generated hot electrons get transferred to -Ga When illuminated by 254 nm DUV illumination these hot electrons then relax by internal decay inside a metallic Ag NPs via phonon emission which takes place under time scale of >100 ps, which leads to increase the heating of Ag NPs. This further include the heat exchange effect with nearby metallic Ag NPs, while increasing the temperature distribution in the vicinity of Ag nanoparticle-gallium oxide interface. This hot electron-phonon relaxation process can be modelled using two-temperature model (TTM) by which rate of energy transfer between electrons and phonons is given by coupled differential equation 26 : to electron-electron scattering effect and hence decrement in photocurrent is observed. And as soon as the illumination is turned off, the heat gets dissipated to environment.
Although much effort has been dedicated to relieve the local heating of plasmonic non-radiative heat generation decay 12, 27 , this anomalous behavior can uncovered various opportunities for harnessing the heat in various potential applications which haven't been studied till now for photodetector application. For instance, welding which is used worldwide, releases radiation in DUV region (>200 nm), which is extremely dangerous for human eyes and in most cases can even bring about permanent blindness If we put our system in the current supply of the arena, whenever UV levels exceeds safety limits, these photocurrent drops and that will automatically turn off the power supply. Thus compared to traditional photodetectors which involves first detecting the UV radiation, which then gives feedback to shut down power supply 28 , our system detect in a very early stage before any such catastrophic event takes place. In turn, this will protect more skillful labor engaged in welding where chances of occurring such event is exceptionally high.
The plasmonic induced heating was not observed for -Ga 2 O 3 /Ag@20s because almost all the nanoparticle is in contact with gallium oxide and hot electron are generated but get transferred to gallium oxide instantaneously. The heat generated for -Ga 2 O 3 /Ag@40s have many application to develop tunable photodetector than can work as safe-guard and act as solar-blind switch. 
CONCLUSION

MATERIALS AND METHODS
Experimental Design
The details for the growth of β-Ga 2 O 3 thin film can be found elsewhere 16 . In brief, gallium oxide thin film was deposited using high temperature seed layer on cost effective p-Si (100) substrate.
Prior to deposition, Si substrate was cleaned with soap, DI water, acetone, propanol, respectively for 30 mins in the ultra-sonification bath to remove any impurities present on the substrate. It followed the removal of SiO 2 present on Si with HF (5% sol). A seed layer of β-Ga 2 O 3 (~15 nm)
at 700 0 C was deposited followed by a thin layer of β-Ga 2 O 3 (300 nm) at 650 0 C was deposited.
The detail growth profile is discussed elsewhere 16 . During the deposition, 1 sccm O 2 was supplied to fill up oxygen vacancies and to minimize the defects for better optoelectronic properties of gallium oxide photodetector.
Deposition of Ag NPs over β-Ga 2 O 3 film and Characterization
After the deposition of the β-Ga 2 O 3 layer, Ag electrodes were deposited using thermal evaporator via physical mask. Thereafter a thin Ag was sputtered at low power (24 W) and high pressure ( 
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